1. Introduction {#sec0005}
===============

A major component of intelligence is the amount of semantic or factual knowledge that has been accumulated (so-called *crystallized* intelligence: [@bib0055]; [@bib0150]). Entries in the semantic knowledge base are made through direct experiences, such as explicit tuition and observation. Semantic knowledge is further expanded through productive processes, such as analogy and inference ([@bib0105]; [@bib0140]), as well as the productive process examined in the present research, namely, self-derivation of new factual knowledge through integration of separate yet related episodes ([@bib0005]).

The neural structures involved in integration across episodes (e.g., [@bib0375]) and the temporal unfolding of the neural processes they support ([@bib0010]; [@bib0315]) have been subjects of research in adults. Because there has been little research in children, the brain bases of self-derivation in development are unknown. In the present research, we examined self-derivation through integration in 5- to 8-year-olds, and associated age-related and individual variability in children's performance to measures of structural development in the medial temporal and frontal lobes. We selected these regions because they are implicated in memory integration in adults (see below).

1.1. Self-derivation through integration: behavior {#sec0010}
--------------------------------------------------

The productive process of self-derivation of new facts through integration of separate episodes is of particular interest because it serves as an ecologically valid model for accumulation of knowledge (e.g., [@bib0075]). In this paradigm, participants learn a true but novel fact (e.g., *dolphins talk by clicking and squeaking*) in one episode of instruction. After a filled delay, in a second episode, they learn another true but novel fact that is related to the first (*dolphins live in groups called* pods). Following another filled delay, they are asked first open-ended and then forced-choice questions probing for self-derivation of another new fact, based on integration of the episodes (*how does a pod talk*?). Critically, as is frequently the case in the world outside the laboratory, learning is based on a single trial (see [@bib0020], Experiment 2, for findings when learning is ensured through repeated trials). Moreover, as is also the case outside the laboratory, participants are not informed that any of the material is related (see [@bib0030], for findings under "hint" conditions); they are not given practice with integration of the episodes or self-derivation from them. These testing conditions ensure the ecological validity of the paradigm. Control conditions entailing learning of only one member of a pair of related facts make clear that across-episode integration is required for self-derivation (e.g., [@bib0015]).

There are age-related and individual differences in self-derivation throughout childhood. Whereas 4-year-olds self-derive new factual knowledge on 13% of trials, 6- and 8-year-olds do so on roughly 50% and 83% of trials, respectively ([@bib0015]; see also [@bib0030]; [@bib0020]). At all ages, performance ranges from near floor to near ceiling. Newly self-derived information is retained over time ([@bib0310]; [@bib0325]), providing support for this paradigm as a model for knowledge accumulation. As well, self-derivation relates to reading and math achievement ([@bib0075]; see Varga, [@bib0080], for comparable findings with adults).

1.2. Neural substrate of memory integration {#sec0015}
-------------------------------------------

The neural bases of integration of separate episodes have been examined in nonhuman animals ([@bib0210]) and human adults (e.g., [@bib0175]; [@bib0265]; [@bib0375]); the majority of human work has used the associative inference paradigm. In this paradigm, successful encoding of arbitrarily related pairs of stimuli (stimulus pairs A--B, B--C), and novel associative inferences between them (A--C; e.g., [@bib0235]; [@bib0380]) relate to activations in both medial temporal, including hippocampal, and medial prefrontal cortex (e.g., ventromedial PFC or VMPFC). These regions are thought to subserve (a) reactivation of the first pair of stimuli (A--B) as the related pair (B--C) is encoded; and (b) binding of previously and newly encoded stimuli into an integrated memory representation (A-B--C) that supports novel associations (A--C) ([@bib0230]). These regions also are implicated in encoding of new information related to prior knowledge (e.g., [@bib0145]; [@bib0295]).

Though there have been no studies of functional activations as children engage in memory integration, [@bib0245] examined relations between hippocampal volume and memory integration in the associate inference task in 6-30-year-olds. Smaller volume in the hippocampal head correlated to higher levels of associative inference. The relation may reflect differences in the efficiency of encoding of overlapping representations and/or of integration or binding ([@bib0110]; [@bib0200]). Although based on adult data, we may expect integration also would relate to structural differences in prefrontal cortex (e.g., [@bib0040]; [@bib0125]; [@bib0130]; [@bib0160]; [@bib0255]), this possibility has not been tested.

1.3. Neural substrate of self-derivation through memory integration {#sec0020}
-------------------------------------------------------------------

The present research is the first developmental study of the neural bases of self-derivation of new factual knowledge through integration of separate yet related episodes of new learning. We selected the task of self-derivation through integration because it is an ecologically valid model for accumulation of semantic knowledge and thus stands to inform the neural bases of an empirically demonstrated, functionally significant learning mechanism. It also can inform the neural structures involved in multiple aspects of learning, including episodic encoding of explicitly learned facts and productive extension beyond them (self-derivation).

We focused on 5- to 8-year-olds because this is a period of both age-related and individual variability in self-derivation as well as of substantial structural change in the hippocampus (e.g., [@bib0225]; [@bib0245]) and prefrontal cortex (e.g., [@bib0125]; [@bib0130]; [@bib0255]). Overall, studies of hippocampal development suggest that volumes vary as a function of age and that change is not uniform across the structure. For example, in childhood, the anterior portion of the hippocampus (i.e., head) increases in volume, whereas the posterior hippocampus (i.e., body and/or tail) shows no difference or decreases in volume with age ([@bib0225]; [@bib0245]). Across development, there are hemispheric asymmetries such that the right hippocampus is larger than the left (e.g., [@bib0205]; [@bib0290]); the degree of asymmetry tends to decrease with development ([@bib0135]; [@bib0270]). Studies of cortical development also suggest gray matter changes with age, with most studies reporting a reduction in volume or cortical thinning across childhood; there is regional specificity with regard to timing (see [@bib0050], for review). Regardless of these age-related differences, in both episodic (Riggins et al.) and associative (Schlichting et al.) tasks, structural variability relates to performance.

In summary, because the paradigm testing self-derivation through memory integration operates over real-world factual knowledge, the study stands to inform the neural structures involved in learning of new semantic information, integration of the new information into the network of prior knowledge, and productive knowledge extension. We predicted that, consistent with prior research, performance on the task would relate to age and verbal IQ (e.g., [@bib0035]; [@bib0075]). We also predicted that measures of brain structure (i.e., hippocampus and mPFC) would contribute to explanation of variance in task performance. Yet because of the paucity of research on structure/behavior relations in self-derivation of new knowledge through integration---in either children or adults---we did not make specific hypotheses regarding the direction of relations (i.e., whether larger volume or greater thickness would be positively or negatively related with behavioral performance).

2. Method {#sec0025}
=========

2.1. Participants {#sec0030}
-----------------

Sixty-eight 5- to 8-year-old children (33 female; *M* age = 7.34 years, *SD* = 1.16) participated in the present study, which is part of an ongoing longitudinal investigation examining brain and memory development in early childhood ([@bib0225]). Sixty-six children provided useable MRI data (2 6-year-olds \[1 female\] were not scanned due to contraindications, e.g., dental work). The behavioral task measures and the relations between neural and task measures are presented for the first time in this report.

2.2. Stimuli {#sec0035}
------------

Stimuli were six pairs of facts (i.e., stem facts), all used in previous research ([@bib0015]; [@bib0020]; [@bib0075]; [@bib0310]). There was one pair of related facts about each of plants, dolphins, muscles, the solar system, deserts, and athletes. Members of these "stem-fact" pairs could be integrated to derive a novel fact (i.e., "integration" fact). For example, the stem fact *palm tree leaves are called fronds* could be integrated with the related stem fact *palm tree leaves are used to make baskets*, to self-derive the new knowledge that *fronds are used to make baskets* (integration fact). Previous research using these stimuli (e.g., [@bib0015]) included a control condition, wherein participants were presented with only one fact from a given pair, to ensure that the target facts were novel and that memory integration was necessary to derive them.

Each stem fact was displayed individually on a single PowerPoint slide, with 6--10 words per slide. Importantly, the novel integration facts were never presented to the children.

2.3. Procedures {#sec0040}
---------------

Data were collected across two sessions approximately 8 days apart (*M=*8.11 days, *SD* = 4.67). All behavioral testing took place within a single laboratory session and MRI testing took place at a separate session. For most participants, MRI and behavioral data were collected at the first and second sessions, respectively. In a few cases, MRI data from the first session were discovered to be unusable due to motion artifact. These children returned to the lab after behavioral data collection for a second attempt to collect MRI data. This yielded useable MRI data for all participants who were eligible to be scanned (i.e., *n* = 66).

### 2.3.1. Self-derivation through integration task {#sec0045}

Children were tested individually in a quiet laboratory room. In the stem-fact presentation phase, children were read six pairs of facts. As depicted in [Fig. 1](#fig0005){ref-type="fig"}, they were first read one of the stem facts from each pair. After an approximately 10 min delay in which they completed unrelated buffer activities that were part of the larger longitudinal study, children were read the second stem fact from each pair. Presentation was counterbalanced such that each member of a stem-fact pair was presented among the first six facts for half of the children and among the second six facts for the other half. To ensure that children attended to the stem-fact presentation, after each fact was read, children were asked "What was this fact about?", and given two alternatives: the correct answer (e.g., *fronds*) and a distracter (e.g., *oaks*). All children remained on task.Fig. 1Schematic representation of the structure of the paradigm used to test self-derivation through memory integration, from the stem-fact presentation through the test phase. In the test phase, children were asked forced-choice questions only for items they failed to answer correctly in the open-ended phase of testing.Fig. 1

Following presentation of all of the stem-fact pairs, children completed approximately 10 min of unrelated buffer activities, after which the test phase was administered. Children first were asked open-ended questions that probed for self-derivation of the integration facts (e.g., *What are fronds used to make*?). The answers to these questions had not been explicitly presented but could be derived through integration of the related stem facts. Children then were asked open-ended questions that probed recall of the stem facts from which the integration facts were derived (e.g., *What are palm tree leaves called*?). After open-ended testing, for any integration fact questions not answered correctly in open-ended format, children were asked three-alternative forced-choice questions. Finally, children were asked forced-choice questions for any stem facts not answered correctly in open-ended format (see [Fig. 1](#fig0005){ref-type="fig"} for example items). The question types were administered in this standard order across participants, to avoid cueing of integration facts by recall or recognition of the stem facts. In forced-choice testing, familiarity of the distracters was controlled by including alternatives that had been presented as part of other fact pairs.

Experimenters recorded children's responses on-line. For each fact produced in open-ended testing, children received one point (integration facts: max = 6; stem facts: max = 12). Children also received one point for each forced-choice question answered correctly. Correct forced-choice responses were added to correct open-ended responses for a total score for integration facts and a total score for stem facts. Because forced-choice questions were only asked when open-ended performance was incorrect, the total score also had a range of 0--6 for integration facts and 0--12 for stem facts. Thus the paradigm yielded 4 dependent measures: open-ended self-derivation, total self-derivation, open-ended stem fact recall, and total stem fact recall.

### 2.3.2. MRI {#sec0050}

Children underwent training in a mock scanner before MR data acquisition. Images were obtained from a Siemens 3.0-T scanner (MAGNETOM Trio Tim System, Siemens Medical Solutions, Erlangen, Germany) using a 32-channel coil and a T1 magnetization-prepared rapid gradient-echo (MPRAGE) sequence consisting of 176 contiguous sagittal slices (voxel size: 0.9 mm isotropic, TR = 1900 ms, TE = 2.32 ms, 900 ms inversion time, 9° flip angle, pixel matrix = 256 × 256).

Hippocampal volumes and measures of cortical thickness for left and right hemispheres were obtained using FreeSurfer v5.1 (surfer.nmr.mgh.harvard.edu; [@bib0085]). Use of FreeSurfer has been validated in children as young as 4 years ([@bib0120]). Boundary lines separating gray/white and pial surfaces were visually inspected to ensure accuracy. Reviewers inspected the data for specific errors, including slices where the pial boundary included portions of the skull and slices where the gray or white matter extended into or beyond the skull. Manual edits were made if these errors persisted for more than seven slices. Edits were made on approximately 39% of the sample and typically involved fewer than 20 slices per subject. An experienced reviewer completed a final quality check. Cortical thickness was calculated by measuring the distance from the gray/white matter boundary to the pial boundary ([@bib0090]). The Desikan-Killiany Atlas, which includes 34 gyral-based cortical regions, was used for cortical parcellation ([@bib0070]). Given our interest in medial prefrontal cortex (mPFC), thickness of rostral anterior cingulate and medial orbitofrontal cortex were combined to create a global measure of mPFC thickness for both the right and left hemispheres. Total gray matter volume was also extracted using FreeSurfer and was used as a control variable in analyses of thickness ([@bib0095]).

Hippocampal volumes obtained from FreeSurfer were refined using the Automatic Segmentation Adapter Tool (ASAT, nitrc.org/projects/segadapter), which corrects systematic errors in automatic segmentations ([@bib0340]). To train ASAT, hippocampi for ten subjects were manually traced using boundaries set forth by the "EADC-ADNI Harmonized Protocol for Manual Hippocampal Segmentation\" ([@bib0100]). Ten subjects were randomly selected for manual tracing. It was required that these scans were representative of the age range tested and that they had clear visibility of the hippocampus in both hemispheres to be used as a training case. Following recommended methods ([@bib0180]), the parameters used were: 4 × 4 × 4 voxel sampling radius, 50% sampling rate, 500 training iteration and dilation radius of 2 voxels. To correct minor over or under-inclusions, manual edits were performed on 13 participants (right hemisphere *n* = 9, left hemisphere *n* = 5) using the \"EADC_ADNI Harmonized Protocol for Manual Hippocampal Segmentation\" as a reference ([@bib0100]).

The hippocampus was then divided into head, body, and tail subregions using manual identification of standard anatomical landmarks. The uncal apex served as the border between the head and body ([@bib0365]). The boundary between the body and tail was identified as the slice at which the fornix separates from the hippocampus and becomes clearly visible ([@bib0350]). Raters were unaware of participant age and sex. Reliability for identification of these landmarks indicated 90% agreement within 1 slice and 98% agreement within 2 slices. Intra-class correlation coefficients (ICCs) were high (range = .84--.96).

Finally, hippocampal volumes were adjusted to control for differences in intracranial volume (ICV) using an analysis of covariance approach ([@bib0220]; [@bib0305]). Brain extraction was conducted separately in 6 toolboxes: ANTs, AFNI, FSL, BSE, ROBEX, and SPM8. The voxels extracted by at least four toolboxes were included in the brain mask. This approach was adopted because any single toolbox is prone to error and may result in multiple outlier values. The requirement that voxels be extracted from multiple toolboxes increases the validity of the measure (see [@bib0275], for a similar approach). Previous research in children within this age range (5--8 years) has shown significant independent influences of age and sex on total brain size as well as heterogeneity in these relations as a function of age ([@bib0225]). Therefore, we divided our sample into two groups: younger (i.e., 5--6 years) and older (i.e., 7--8 years) and corrections were carried out for each age group separately. Both age and sex were used to estimate ICV (adjusted volume = raw volume--*b* \* (ICV--predicted ICV), in which *b* is the slope of the regression of the ROI volume (Vol(rawi)) on ICV, see [@bib0165]; [@bib0225]).

### 2.3.3. IQ {#sec0055}

Indices of intelligence were obtained using the vocabulary subtests from age-appropriate standardized intelligence tests (i.e., Wechsler Intelligence Scale for Children-Fourth Edition, or WISC; [@bib0355]; and the Wechsler Preschool and Primary Scale of Intelligence-Fourth Edition, or WPPSI; [@bib0360]) one to two years prior to collection of the imaging and behavioral data that are the focus of the present report. Although the IQ measures were not obtained contemporaneous with the measures that are the subject of the present report, the vocabulary subtest provides a relatively stable assessment of verbal intelligence ([@bib0345]). The measures were used as potential predictors of behavioral task performance.

2.4. Statistical analysis {#sec0060}
-------------------------

Relations between performance on the self-derivation through integration task and brain structure were examined using linear regression. As predictors of performance, we entered Age, Sex, and verbal IQ, and volumes for either hippocampus (right, left), or cortical thickness (right, left). To control for potential differences arising from brain size, gray matter was also included for analyses of cortical thickness.

3. Results {#sec0065}
==========

Descriptive statistics for performance on the self-derivation through integration task are shown in [Table 1](#tbl0005){ref-type="table"}, Panel a. Bivariate correlations between demographic variables (age, sex), verbal IQ, and the self-derivation task are presented in [Table 2](#tbl0010){ref-type="table"}. There were significant positive correlations with age for all four measures of performance on the self-derivation task. Girls tended to have higher total integration fact performance (open-ended plus forced-choice). As in prior research ([@bib0075]; [@bib0330]), verbal IQ also correlated with measures from the self-derivation task.Table 1Descriptive Statistics for Behavioral (n = 68) and Neural (n = 66) Measures.Table 1MeasureBehavior/Neural MeasureMeanSDMinMaxPanel a: Behavioral MeasuresIntegration facts (max = 6)Open-ended2.351.6905Total4.631.3016Stem facts (max = 12)Open-ended6.003.15012Total10.031.98512Panel b: Neural MeasuresHippocampal volume (mm^3^)Left3366.00319.482370.064190.14Right3311.30287.002521.703817.22mPFC thickness (mm^2^)Left3.280.242.603.85Right3.200.222.763.73Table 2Bivariate correlations between measures of interest.Table 212345678910111. Ager*p*2. Sexr−.03*p*.833. Verbal IQ (SS)r.14.13*p*.27.284. Integration Facts---Open-endedr**.42\*\***.13**.30**^\*^*p***. \< .001**.29**.01**5. Integration Facts---Totalr**.26**^\*^**.34**^\*\*^.13**.62^\*\*^***p***.03\<.01**.29**\<.001**6. Stem Facts---Open-endedr**.54\*\***.16**.32\*\*.87^\*\*^.60^\*\*^***p***\<.001**.19**.01\<.001\<.001**7. Stem Facts---Totalr**.44^\*\*^**.09**.26**^\*^**.67^\*\*^.61^\*\*^.74^\*\*^***p***\<.001**.47**.03\<.001\<.001\<.001**8. ICV-Adjusted Left hippocampal volumer*.22−.23−.23*.05−.12.06.18*p.08.06.06*.67.32.62.149. ICV-Adjusted Right hippocampal volumer**.32^\*\*^−.32\*\***.01−.01−.07.01.15**.63^\*\*^***p***.01.01**.95.92.56.94.24**\<.001**10. Left mPFC thicknessr−.05**.27**^\*^−.10\<.01.06−.11**−.26**^\*^−.07−.02*p*.66**.03**.441.00.62.39**.03**.57.8711. Right mPFC thicknessr.02.20−.19−.09−.08*−.21−.22*−.02.01**.69^\*\*^***p*.84.11.13.45.52.09*.07*.86.92**\<.001**[^1]

Descriptive statistics for the MRI measures are shown in [Table 1](#tbl0005){ref-type="table"}, Panel b. As reflected in [Table 2](#tbl0010){ref-type="table"}, age was significantly correlated to ICV-adjusted right hippocampal volume; the correlation with ICV-adjusted left hippocampal volume approached significance. Thus the size of the hippocampus tended to increase with age (consistent with [@bib0050]; [@bib0155]; [@bib0285]). In contrast, mPFC thickness did not show reliable or even trend-level associations with age. The difference between this finding and that reported in [@bib0050] may be due to the restricted age range of the present sample (i.e., most children were 6--8 years of age; few were younger than 6). Boys tended to have larger ICV-adjusted right hippocampal volumes and girls tended to have thicker left mPFC.[1](#fn0005){ref-type="fn"}

The bivariate correlations ([Table 2](#tbl0010){ref-type="table"}) revealed only one significant relation between task performance and the neural measures: left mPFC thickness was negatively correlated with the total number of stem facts recalled or recognized (open-ended plus forced-choice). The relative paucity of relations must be understood in light of the robust pattern of correlation between task performance and both age and verbal IQ, and the relatively weak relations between age and the neural measures. To determine whether, with the variance in age and verbal IQ controlled, individual variability in hippocampal volume or mPFC thickness would emerge as a significant predictor, we conducted regression analyses. The results of the analyses with hippocampal volumes are summarized in [Table 3](#tbl0015){ref-type="table"}. With the variability associated with age and verbal IQ controlled, right hippocampal volume emerged as a marginally significant predictor (*p* = .07) of open-ended stem fact recall. The model assessing open-ended self-derivation of integration facts showed a trend in the same direction, but a weaker relation (*p* = .11). Thus after accounting for the substantial variance explained by age and verbal IQ (effect sizes of .40-.53 and .28 respectively), right hippocampal volume approached statistical significance as a predictor of open-ended production of integration facts and open-ended recall of the stem facts from which they were derived (effect size .25). The similar pattern of association for these two measures of task performance is not surprising given that open-ended self-derivation and stem-fact recall are strongly correlated (*r* = 0.87, *p* \< .001; see [Table 2](#tbl0010){ref-type="table"}). As illustrated in [Fig. 2](#fig0010){ref-type="fig"}, the relations were such that higher levels of open-ended self-derivation and recall of stem facts were associated with smaller right hippocampal volume. Left hippocampal volume did not emerge as a predictor. The asymmetrical pattern of relation was statistically significant. That is, the beta weights for self-derivation and stem fact recall for the right hippocampus were significantly different from the beta weights for the left hippocampus (*p*s\<.05; [@bib0065]). We conducted separate follow-up analyses for the head, body, and tail of the right hippocampus and open-ended self-derivation of integration facts and stem fact recall. None of the subregions emerged as significant independent predictors.Table 3Regression Analyses Examining Relations between Performance on the Self-derivation through Integration Task and Hippocampal Volumes.Table 3MeasurePredictor variablesIntegration FactsStem FactsOpen-endedTotalOpen-endedTotal*β*s*β*s*β*s*β*sAge.407\*\*\*.280\*.531\*\*\*.380\*\*Sex.065.301\*.086.056Verbal IQ.282\*.046.288\*\*.277\*Left Hippocampus.203−.108.194.249Right Hippocampus−.252^†^.003−.258^†^−.115Adj. *R^2^*.211.123.345.212*F*(5, 60)=4.473\*\*2.822\*7.845\*\*\*4.503\*\*\*[^2]Fig. 2Partial regression plot showing association between right hippocampal volume and A) open-ended integration fact performance, and B) open-ended stem fact recall.Fig. 2

The results of regression analyses of performance on the self-derivation through integration task and mPFC thickness are summarized in [Table 4](#tbl0020){ref-type="table"}. After controlling for the significant (or marginal) variance in task performance explained by age and sex (total integration fact performance only), right mPFC thickness emerged as a significant predictor of open-ended stem fact recall and a marginally significant predictor of total integration fact performance (open-ended plus forced-choice). As illustrated in [Fig. 3](#fig0015){ref-type="fig"}, Panels A and B, better integration fact performance and stem fact recall was associated with decreased right mPFC thickness. The left and right beta weights were not significantly different (*p*s\>.05).Table 4Regression Analyses Examining Relations between Performance on the Self-derivation through Integration Task and mPFC Thickness.Table 4MeasurePredictor variablesIntegration FactsStem FactsOpen-endedTotalOpen-endedTotal*βsβsβsβs*Age.378\*\*.373^†^.500\*\*\*.395\*\*\*Sex.125.231\*\*.191.133Verbal IQ.206.031.181.167Total Gray Matter Volume.070.196.087.044Left mPFC.136.173.090−.196Right mPFC−.201−.321^†^−.313\*−.103Adj. *R^2^*.182.173.358.232*F*(6, 59)=3.406\*\*3.269\*\*7.044\*\*\*4.282\*\*\*[^3]Fig. 3Partial regression plots showing associations between right mPFC thickness (green and yellow) and A) total integration fact performance (open-ended plus forced choice), B) open-ended stem fact recall; and associations between right rostral anterior cingulate thickness (yellow) and C) total integration fact performance (open-ended plus forced choice) and D) open-ended stem fact recall.Fig. 3

Separate follow-up analyses were conducted to examine the specificity of the relation between right mPFC thickness and both total integration fact performance and open-ended stem fact recall. For total integration fact performance, right rostral anterior cingulate thickness was a significant predictor (β=-0.331, *p* \< .05) after controlling for age, sex, verbal IQ, and total gray matter volume (Adjusted R^2^ = 0.197, *F*(6, 59) = 3.650, *p* \< .01). For open-ended stem fact recall, right rostral anterior cingulate thickness was a marginally significant predictor (β=-.246, *p* = .055) after controlling for age, sex, verbal IQ, and total gray matter volume (Adjusted R^2^ = .362, *F*(659) = 7.144, *p* \< .001). Right medial orbital frontal cortex thickness was not related to either task-based measure (*p*s\>45). As illustrated in [Fig. 2](#fig0010){ref-type="fig"}, Panels C and D, better integration fact performance and stem fact recall was associated with decreased thickness.

4. Discussion {#sec0070}
=============

The present research represents the first test of the neural bases of self-derivation of new factual knowledge through integration of separate yet related episodes of new learning in 5- to 8-year-old children. Consistent with [@bib0245], the data suggest a relation between knowledge derived through memory integration and the volume of the hippocampus. In Schlichting et al., better associative inference performance was related to smaller volume in the hippocampal head. In the present research, smaller right hippocampal volume was associated with higher task performance. Relations were specific to the open-ended phase of testing, and extended to recall of the stem facts from which the integration facts were derived. Notably, for both variables, the effects only approached statistical significance, and then only after the variance associated with age and verbal IQ was controlled. Yet the suggestion of structure/behavior relations was strengthened by statistically significant hemispheric asymmetry in the relation (i.e., stronger relations with right than left hippocampus). Moreover, it is noteworthy that hippocampal volume was related to open-ended but not to total task performance, either for integration or for stem facts. The hippocampus is widely interpreted to be more involved in mnemonic tasks that impose greater demands, such as recall and recollection, relative to those that are less mnemonically demanding, such as recognition ([@bib0115], for a review). Thus the pattern of relations is further evidence of a role for the hippocampus in the task of self-derivation through memory integration. Importantly, although hippocampal volume was positively related with age, the trend was for children with smaller hippocampi to have higher levels of open-ended self-derivation and stem-fact recall. This implies that after controlling for the effects of age, children with smaller volumes were more proficient at the task. This is an important reminder that factors other than age must be considered as determinants of performance. In the present case, performance also was impacted by individual differences in the developmental status of the hippocampus.

Based on studies of activation patterns in adults ([@bib0300]; [@bib0380]), we also expected to find relations between mPFC thickness and self-derivation through integration. Consistent with this expectation, after accounting for the variance explained by age, sex, verbal IQ, and total gray matter, right mPFC was a marginal predictor of total integration fact performance (open-ended plus forced-choice). The specific subregion of the right rostral anterior cingulate was a significant predictor. As well, mPFC thickness was a significant predictor of open-ended stem-fact recall; the specific region of the right rostral anterior cingulate was a marginal predictor. We note that the pattern of relations between mPFC thickness and stem fact memory as revealed through the regression analyses (right mPFC predicted open-ended stem fact recall) was different from that indexed by bivariate correlations (left mPFC thickness was correlated with total stem fact performance). Although we did not predict this pattern, we suggest that it can be understood in light of [@bib0255] finding of associations between left inferior frontal regions and verbal IQ in children 5--11 years of age. We offer the possibility that our control of the variance associated with domain-general verbal ability suggested by this finding permitted the relation between right mPFC and stem fact recall to emerge. Though we offer this interpretation, we note that in the present research, we did not analyze inferior frontal regions and we did not observe a statistically significant correlation between verbal IQ and left mPFC. As such, the interpretation remains speculative. Future research will be necessary to establish the reliability of the finding and shed further light on hemispheric effects.

In summary, individual and developmental variability of both the hippocampus and mPFC related to task performance. In the case of the hippocampus, the relations were nominally weaker and only approached statistical significance; relations with mPFC, specifically the right rostral anterior cingulate, were significant and nominally stronger.

4.1. Age-related and individual variability in self-derivation through integration {#sec0075}
----------------------------------------------------------------------------------

A prerequisite to a valid test of relations between hippocampal and mPFC volume in self-derivation through integration is that there is adequate age-related and/or individual variability to explain. This criterion was met. In terms of self-derivation, the means for both open-ended and total performance (39% and 77%, respectively) are in line with prior related research (e.g., across the age range 4--8 years, *M* open-ended and total performance is roughly 45% and 70%, respectively: [@bib0015]). This level of correspondence was observed even though before the present study, the individual-sentence paradigm used in the present research had only been used with children 7 years of age and older ([@bib0035]; [@bib0075]). In previous research, children younger than 7 years were tested using a story-passage paradigm in which true but previously unknown facts were conveyed in the context of stories (e.g., [@bib0015]). In contrast, in the present study, facts were conveyed in individual sentences, with no surrounding context. In research conducted in the classroom, differential patterns of performance have been attributed to these paradigm differences (Esposito & Bauer, in press). In the present research, the approach resulted in a desirable spread in scores: (a) age-related variability---performance was significantly correlated with age; and (b) individual variability---in open-ended testing, performance ranged from 0 to 83% correct in self-derivation of the integration facts, and from 0 to 100% correct in recall of the stem facts.

4.2. The role of the Hippocampus and mPFC in Self-derivation through integration {#sec0080}
--------------------------------------------------------------------------------

The critical role of the hippocampus in supporting encoding of relational information has long been accepted, particularly with respect to binding individual elements into episodic memory ([@bib0060]; [@bib0190]; [@bib0280]). Evidence of this role is apparent in the present research, in the relation between right hippocampal volume and recall of the stem facts upon which self-derivation depended (*p* \< .07). More controversial is the role of the hippocampus in supporting *semantic* memory, such as the new factual knowledge self-derived from the stem facts. In particular, individuals with developmental amnesia who exhibit disrupted hippocampal function and episodic memory have been shown to acquire new semantic knowledge ([@bib0335]). This has led some to conclude that acquisition of semantic relations, such as factual statements, does not depend on the hippocampus (e.g., [@bib0200]). However, in this regard, it is noteworthy that individuals with medial-temporal lobe amnesia typically require repeated exposures to new information before showing evidence of learning (e.g., [@bib0195]). This pattern extends beyond arbitrary stimuli to factual knowledge relevant outside the laboratory, such as events in the news ([@bib0185]). Thus although new semantic knowledge can be acquired even in cases of hippocampal damage, patterns of acquisition deviate from those shown by intact adults. One possibility consistent with the overall pattern of findings is that the hippocampus plays a crucial role in rapid acquisition of new knowledge acquired across temporally-extended episodes, as is assessed in the paradigm used in the present research (see [@bib0170], for consistent arguments). Relative to other paradigms in common use in the literature (e.g., associative inference), the self-derivation paradigm provides a strong test of this possibility, given that the information over which memory integration must be performed is new, and presented in a single trial. Under these conditions, right hippocampal volume contributed variance to prediction of performance, though with other strong predictors already in the model, the variance explained only approached statistical significance (*p* = .11).

In the present research, relations with hippocampal volume were specific to the right hippocampus; beta weights for the right and left hippocampus were significantly different. Although we did not predict this pattern, it is not without precedent in the literature. Hippocampal hemispheric asymmetry, with greater volume in the right than left, is well established; the effect is observed across development (e.g., [@bib0205]; [@bib0290]), though it tends to decrease with age ([@bib0135]; [@bib0270] perhaps contributing to the observation that among adults, the asymmetry may be limited to the hippocampal head: [@bib0370]). Among adults, right hippocampal volume is correlated with performance on tests of general cognitive function, including immediate and delayed tests of verbal learning. The effect is specific to the right hippocampus, and the anterior region in particular; the magnitude of the relation is comparable to that observed in the present research (*r* = 0.22; [@bib0370]). In the case of the present research, evaluation of the psychological significance of the pattern awaits tests for replication.

In research with adults, PFC has been shown to play a role in derivation of new relations based on memory integration ([@bib0375]), as well as in encoding of new information related to prior knowledge ([@bib0295]). In particular, functional hippocampal-VMPFC coupling has been shown to support extraction of semantic commonalities across separate episodes ([@bib0175]). In the associative inference paradigm, learning-related increases in VMPFC activation and corresponding decreases in hippocampal activation relate to successful associative inference ([@bib0380]; see also [@bib0295], for a similar pattern when new stimuli overlap with prior knowledge). In the present research, we observed a marginally significant contribution of right mPFC to self-derivation when measured in terms of total performance (i.e., open-ended plus forced-choice); the relation with the specific region of the right rostral anterior cingulate was statistically significant. It is possible that the differential pattern of subregion specificity observed in the present research with children compared to that observed in adults (VMPFC) reflects the relative lack of connectivity between prefrontal and medial temporal structures in development ([@bib0040]; [@bib0125]; [@bib0130]; [@bib0160]; [@bib0255]). Lower levels of structural connectivity could correspond to differential functional connectivity and thus, logically, to a somewhat different role in behavior, relative to that observed in adults. Interestingly, the relation was observed in the context of marginally significant variance explained by age, and in terms of total integration fact performance, including that in response to forced-choice options. In adults, memory integration most often is measured via forced-choice, as opposed to open-ended report (e.g., [@bib0380]). Thus the relation with mPFC and the specific relation with right rostral anterior cingulate observed in the present research may be an early sign of the emergence of more adult-like function. Open-ended recall of the stem facts showed similar patterns of relation with mPFC and with right rostral anterior cingulate. As noted earlier, in light of the strong relation between self-derivation and stem-fact recall, similarity in patterns is not unexpected.

Task differences are another possible contributor to the differential pattern of subregion specificity observed in the present research with children compared to that observed in adults. The focus of the present research was self-derivation of new factual knowledge through integration of separate yet related episodes in which true but previously unknown facts were learned. Learning of the explicitly taught stem facts was based on a single trial; children were not informed that any of the facts were related to one another; children were not given practice at self-derivation prior to the test; both open-ended and forced-choice tests were administered. These conditions of testing differ markedly from those typical in associative inference tasks, in which what is learned are arbitrary paired associates. By design, arbitrary associations make little contact with prior knowledge, which may alter the contribution of the PFC, as well as the interaction of the PFC and hippocampus (see [@bib0250], for discussion). What is more, in associative inference tasks, learning often is brought to a high criterion (e.g., 85% in [@bib0215]), participants are given practice with the task of recognizing novel associations in advance of testing (e.g., [@bib0245]; [@bib0230]), and testing is forced-choice only. Separately---or in combination---these significant task differences could contribute to different patterns of relations, whether for children or adults.

4.3. Implications, limitations, and directions for future research {#sec0085}
------------------------------------------------------------------

The means by which separate episodes of experience are integrated with one another and by which the resulting novel representations are used productively to guide behavior are major questions in contemporary cognitive science and neuroscience (e.g., [@bib0025]; [@bib0170]; [@bib0210]; [@bib0300], [@bib0295]). One challenge in understanding these processes is that they span the seemingly great divide between the nominally separate mnemonic systems of episodic and semantic memory. Unique experiences presumably are encoded in episodic memory, a system specialized for preservation of patterns that differentiate one experience from another. Conversely, semantic memory is responsible for extraction of general patterns that give rise to representations that are timeless and placeless. Traditionally, rapid formation of episodic memories has been thought to be the purview of the hippocampus whereas the more gradual accumulation of general representations that make up semantic memory has been thought to be subserved by neocortex.

Results from memory integration paradigms in general, and the self-derivation through integration paradigm in particular, call this division of labor into question. They make it increasingly apparent that the hippocampus and prefrontal cortex are involved in interactive fashion to encode new experiences and seemingly simultaneously, extract generalizations from them ([@bib0240]; although see [@bib0315], for evidence of temporal staging of the processes of encoding and extraction of relational meaning, even over rapid time scales). This process is readily apparent in the case of self-derivation of new factual knowledge through integration. Even young children encode new information on the basis of a single experience of it. They preserve the information such that they are able to recall it or recognize it later in the session, after a delay. Moreover, they use the information productively, to create novel fact representations that themselves are retained over time (e.g., [@bib0310]; [@bib0325]; see [@bib0320], for evidence of long-term retention of self-derived information in adults). Though the hippocampus seemingly plays a role in the self-derivation of the new knowledge---as evidenced by the structural relations observed in the present research---it does not seem reasonable to consider the new information an "episodic" memory, given that it features no spatial or temporal contextual tags (see [@bib0010], for a similar argument). Similarly, though prefrontal cortex is implicated in gradual extraction of semantic knowledge---as evidenced by the structural relations observed in the present research---it also plays a role in rapid encoding of new factual knowledge on the basis of a single trial, a process typically ascribed to episodic memory. Based on these dual relations, it seems reasonable to argue either that the hippocampus and prefrontal cortex both subserve both episodic and semantic memory, or that the division itself is artificial.

The present research is not without limitations. One limitation is that one of the control variables, the estimate of verbal IQ, was obtained roughly 2 years prior to the assessment of self-derivation and the structural measures reported in this research. Although in future research, it will be desirable to have contemporaneous measures, we do not view this as a major impediment to interpretation of the present findings. This is because the verbal IQ measures used were the scaled scores from vocabulary subtests of the Wechsler scales ([@bib0355], [@bib0360]), which provide stable assessments of verbal intelligence, even over delay intervals exceeding that in the present research ([@bib0345]). Thus we can have confidence that the measure was valid, even if dated. A second limitation of the present research is that we tested children over the age range of 5 to 8 years and did not have sufficient power to test possible interactions with age. Interaction effects are not a significant concern in terms of the behavior of self-derivation through integration: prior research has revealed main effects of age, but no interactions. In contrast, measures of neural structure change in nonlinear as well as linear fashion, motivating future tests for interaction effects. In future research it will be especially important to include older children, in whom reductions in hippocampal volume and cortical thickness are to be expected, thus permitting more definitive tests of the pattern of relations between changes in structural volume and thickness and self-derivation of new factual knowledge through memory integration.

We also note that in light of evidence from the adult literature of the importance of correlated activity for successful memory integration and associative inference, the absence of measures of structural connectivity from the present research is salient. In future research, it will be necessary to assess structural connectivity as well as volume and thickness. Critically, the present research sets the stage for future efforts that should assess structural connectivity, as well as function and functional connectivity and patterns of activation more broadly. For example, it will be important to examine lateral aspects of the PFC, which have been implicated in memory processes such as semantic elaboration (e.g., [@bib0045]; [@bib0260]). To date, there have been no neuroimaging studies that have measured memory integration of factual information, or the derivation of new factual knowledge from integrated representations. There is thus a great deal of work to be done before we understand the neural bases of integration of separate episodes of learning of factual knowledge and subsequent derivation from it.

The present research also sets the stage for future work that bridges the scanner and laboratory and the classroom. There are many paradigms that assess memory integration. In the present research, a major motivation for focus on the process of self-derivation of new factual knowledge through integration of separate yet related episodes of new learning is that it serves as an ecologically valid model for accumulation of semantic knowledge. As such, the research stands to inform the neural bases of an empirically demonstrated, functionally significant learning mechanism. Consistent with this contention, self-derivation performance relates to academic achievement in reading and math ([@bib0075]; see [@bib0330], for comparable findings with adults). A next step in the research process will be to determine whether the patterns of relation observed in the present research, between neural and laboratory measures, replicate when self-derivation of new factual knowledge through integration of separate yet related episodes of new learning is tested in classroom or other educational settings. Strictly behavioral classroom research largely replicates the patterns observed in the laboratory (e.g., [@bib0075]; in press). It will be left to future research to determine whether the structure/behavioral relations observed in the present research replicate as well.

4.4. Conclusions {#sec0090}
----------------

The present research represents the first test of the neural bases of self-derivation of new factual knowledge through integration of separate yet related episodes of new learning in young children. We observed relations between the behavior and volume of the hippocampus as well as between behavior and mPFC thickness. Although some of the relations did not reach conventional levels of statistical significance, the overall pattern of findings implies that the hippocampus and prefrontal cortex both play crucial roles in rapid acquisition of information explicitly taught or learned, as well as in supporting extraction of semantic commonalities across separate episodes of experiences, thus permitting self-derivation of new knowledge acquired across temporally-extended episodes. Relative to other paradigms in common use in the literature (e.g., associative inference), the self-derivation paradigm provides especially strong evidence for this argument, given that the information over which memory integration and self-derivation must be performed is presented in a single trial, and is novel yet related to prior real-world factual knowledge.
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When tested together in regression analyses along with verbal IQ, age and sex together accounted for 16% of the variance in ICV-adjusted right hippocampal volume, *F*(3,62) = 5.160, *p* \< .01. Only age explained significant variance (10%) in ICV-adjusted left hippocampal volume, *F*(3,62) = 3.634, *p* \<  .05. Only sex and total gray matter volume explained significant variance (11%) in left mPFC, *F*(4,61) = 3.009, *p* \<  .05. Only sex explained significant variance in predicting right mPFC (7%), however the total model was not statistically significant, *F*(4,61) = 2.265, *p* \> .10. Verbal IQ did not contribute significant variance in any of the models.

[^1]: ^\*^*p*[\<]{.ul} .05, \*\* *p*[\<]{.ul} 0.01, \*\*\**p*[\<]{.ul} .001.

[^2]: ^†^*p*[\<]{.ul} .11, \* *p*[\<]{.ul} .05, \*\* *p*[\<]{.ul} 0.01, \*\*\**p*[\<]{.ul} .001.

[^3]: ^†^*p*[\<]{.ul} .07, \* *p*[\<]{.ul} .05, \*\* *p*[\<]{.ul} 0.01, \*\*\**p*[\<]{.ul} .001.
